An X -ray exam ination of copper has been u n dertaken whilst th e m etal has been actually under tensile stress, and th e X -ray stru ctu re investigated a t a system atic series of points on th e load-extension curve and during unloading and reloading from selected points on th e curve. I t is shown th a t th e perm anent strain is associated w ith the breakdow n of th e grains into th e crystallite form ation and th a t this change is essentially irreversible. The elastic strain of th e m etal is accom panied by reversible changes in dimensions of th e atom ic lattice which tak e place w ithout leaving in th e lattice any perm anent distortion, as shown by th e observation th a t th e X -ray diffraction rings, including rings of th e diffuse type, contract and expand under th e action of th e applied stress w ithout any change in th e degree of diffusion. The lattice changes are distinguished in this w ay from certain lattice strains or lattice distortions perm anently imposed on the lattice as a result of deform ation by cold-work. Q uantitative m easurem ents are m ade on th e elastic lattice strains exhibited b y th e (400) and (331) planes in a direction perpendicular to th e axis of th e applied stress, and these are com pared w ith th e equivalent external elastic constants. These m easurem ents show th a t m arked difference in ra te of strain m ay tak e place in neighbouring grains subjected to th e sam e external stress, an d on this difference is based an explanation of th e extensive breakdow n of th e grains into com ponents of widely varying orientations which charac terizes th e structure of a polycrystalline m etal after deform ation beyond th e yield point.
Introduction
When a metal is stressed beyond the yield point, the resulting deforma tion may be regarded as consisting of two types, an elastic strain and a superimposed permanent strain. The changes in crystalline structure associated with the permanent strain can be studied without the necessity of examining the material whilst actually under load, since this deformation remains after removal of the stress. This procedure has in fact been fol lowed in recent researches, in which the changes in structure produced by permanent deformation at normal temperatures have been investigated [ 398 ] by X-ray diffraction m ethods; a metal has been subjected to systematic increases in permanent strain by application of appropriate stresses, and the load then removed at each stage whilst X-ray tests were made. By this means, information has been obtained, from the X-ray point of view, on the mechanism by which the metallic grain accommodates itself to this type of strain; in particular, it has been shown th a t within the grain exists a large-scale unit of structure, termed crystallite, defined by a lower limiting size which has a characteristic value for a given metal; and, also, results have been obtained on the relation between the dispersal of the grains into this crystallite formation and such mechanical properties as yield-point, plasticity and fracture (Wood 1939; Wood 1940; Wood and Thorpe 1940; Gough and Wood 1936) .
The above procedure gave no information on the changes associated with the elastic strain, since this effect vanishes as the applied stress is removed. The present research, however, represents a fresh step in which this drawback is overcome by the use of an experimental arrangement in which X-ray examination can be made whilst a specimen is under load and the behaviour under X-rays compared with simultaneous mechanical measurements of the applied stress and the elastic strain. At the same time, it was realized that, whilst the relation between X-ray structure and elastic strain was the main consideration of the work, the picture would not be complete unless the accompanying effects of permanent deformation were also taken into account, since the two types of strain are not entirely unconnected. Thus, as the permanent strain imposed on a metal is increased, then, in general, the possible range of elastic strain is also increased. Some relation is therefore probable between the structural changes underlying elastic properties and the process of breakdown and crystallite formation associated with permanent strain. Both aspects of deformation were consequently studied at the same time by the X-ray method.
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Scope of tests
The straining apparatus was designed to apply direct tension to flat tensile specimens of the shape and dimensions shown in figure 1.
The X-ray tests are described most conveniently by reference to the imaginary load-extension diagram depicted in figure 2.
The tests were of two types: (i) X-ray examination was made at regular intervals of stress as a specimen was loaded progressively from the initial state to fracture. Thus, with reference to figure 2, the specimen was examined at the points Ax, B2,C3, Z)4, lying on the load-extension curve. The specimen was therefore under load throughout the run of a test, and the two processes of elastic strain and permanent strain were taking place simultaneously. (ii) X-ray examinations were also made as a specimen was taken through a series of cycles of loading and unloading, the range of each cycle being increased in regular steps until fracture. The points of examination are perhaps made clearer by reference to figure 2. Thus a specimen was loaded to the stress corresponding to Ax on the load-extension diagram and there photographed. The specimen was then unloaded, the load-extension curve following the approximately straight line AXA0 as elastic contraction occurred, and a further photograph obtained. The specimen was next loaded to B2 along the path which, to a first approximation, is represented by A0Ax5 2, and photographs were obtained at B2 and, during subsequent unloading, at Bx and B0. The process was then repeated and photogra secured at C3, C2, C\ and C0, and so on. The specimen is thus taken succes sively through the cycles A1A0A1, B2B0B2, ..., in each of which, except possibly for second-order effects, elastic changes only are taking place, although the degree of superimposed permanent strain, represented by the distances of A0, B0, C0, ... from the origin, has a d each of the cycles. The point of these experiments was therefore th a t a comparison of the X-ray photographs obtained in a given cycle would indicate the changes in structure associated with elastic strain alone, whilst comparison of the behaviour in different cycles would reveal any additional effects due to differences in degree of superimposed permanent strain. Confirmatory tests were made on a number of specimens, and, in addition, a particular cycle such as C3C0C3 was examined in detail by taking photo graphs both when ascending and descending, in order to find whether differences in structure occurred at corresponding loads in the two halves of the cycle.
During each cycle extensometer measurements were taken of the external elastic change in length, measured over a gauge length of 2 in. on the parallel test portion of the specimen. These measurements were thus directly comparable with the X-ray observations. X -ray structure and elastic strains in copper 401
Experimental
The material used for the present experiments was copper of specially high purity, which was selected as representative of a ductile metal of the face-centred cubic type. Each specimen received a preliminary annealing in vacuo to remove the effects of machining and to bring the grains into a work-free condition. This was shown by the nature of the initial X-ray photographs, which then exhibited distinct sharp reflexion spots arising from individual grains. This initial condition has been made a special feature of the X-ray work; it ensures that subsequent observations are not confused by preliminary residual distortions of structure, and also it allows of an X-ray technique whereby the behaviour of the same recogniz able group of grains can be followed through important stages of a test.
The load-extension diagram obtained separately on standard tensile test pieces of circular section is shown in figure 3 (a) . The yield occurred at 2-2*5 tons/sq. in. and fracture at about 15 tons/sq. in. nominal stress. The value of Young's modulus was 6*6 x 103 tons/sq. in., and Poisson's ratio, specially measured, was found to be 0*3.
The tensile-straining apparatus consisted essentially of a miniature testing machine by means of which known loads could be applied to the specimen. Briefly, the load was applied by weights on a scale pan attached to a piston floating in a cylinder of oil, and the pressure transm itted by way of a flexible pipe to a second part of the apparatus where the pressure forced upwards a piston to which the free end of the specimen was linked. This part of the apparatus which carried the specimen was compactly designed and was rigidly mounted on an X-ray back-reflexion spectrometer developed for these researches. The surface of the specimen under examina tion could be brought into line with the axis of the spectrometer, and, owing to the flexible nature of the transmission pipe, the specimen could be extension (in.) photographed when oscillating about the spectrometer axis as well as when stationary. A further feature of the apparatus was th at the mount carrying the specimen could be adjusted so that, as the specimen extended on loading, the incident X-ray beam could be directed always on to the same point of the specimen, a feature to which particular importance is attached since it ensures, for instance, th at any changes observed will not be caused by local differences in the behaviour of grains situated at different places in the specimen. Finally, a sensitive mirror extensometer was attached to the specimen and arranged so th a t the changes in its elastic strain during the cycles of loading and unloading could be read off from the deflexion of a spot of light on a scale.
The X-ray back-reflexion photographic method was used because the recorded diffraction rings, being formed by deviation through very large angles, are highly sensitive both to lattice changes and also to the dispersal of the grains into variously oriented crystallites, whilst at the same time least sensitive to possible experimental variations in the distance between specimen and film.
Cobalt radiation was employed for the incident beam, and the back reflexions were recorded as complete rings symmetrical about the direct beam. These rings were the a xa2 doublet from the (400) planes and the /? ring from the (331) planes. The time of exposure was of the order of 3-5 min.
A point to note is th at the selective action of any X-ray method based on the photography of an aggregate assumes special importance in an investigation of the present type, since each diffraction ring is formed by a different set of grains. In the usual application to analysis of atomic structure, this point has no particular significance, as it is known th at the atomic arrangement is the same in each grain; in the present work, how ever, the behaviour of a grain under stress is likely to vary according to its orientation, because of the anisotropic nature of the atomic structure. I t is therefore necessary to note the crystallographic orientation of the grains which take part in the formation of the particular diffraction rings under observation. The incident beam is perpendicular to the surface of the flat tensile specimen in its stationary position, and the effective (400) planes are those for which the Bragg reflexion angle is 81*7°, th a t is, the grains concerned are those in which a cube face makes an angle of \rt -6 = 8-3° with the surface of the specimen, or, to a first approximation, those in which the cube face lies parallel to the surface. Similarly the (331) ring refers to those grains in which the (331) planes make an angle of 12*4° with the surface of the specimen. The X-ray method is thus of interest because even in a random aggregate it permits examination of grains of selected orientation; by tilting the specimen at various angles to the beam, the behaviour of grains lying at any orientation to the applied stress could be explored. I t is hoped to extend the work along these lines when experimental arrangements of the required precision are developed; the present results however refer to the grains oriented in the manner described above.
R esults
In the first tests under continued loading, X-ray examination was made at intervals of 0*5, 1, 1-5, 2, ... tons/sq. in. (on the lines described in § 2), X-ray structure and elastic strains copper the specimen being held at each stress for about 5 min. whilst the X-ray photograph was obtained. As the fracture stage was approached, this time interval was extended until the creep was negligible during the period of exposure. The observations showed two types of structural change; first, the large-scale modifications in structure as the grains were broken down into the complex of fragments and crystallites, and, second, a superimposed and progressive contraction of the (400) and (331) lattice spacings, which indicated a quite distinct fine-scale effect associated with the dimensions of the atomic lattice. I t was, of course, to be expected th at if lattice changes occurred they would be in the direction of contraction, since, as pointed out in the preceding section, the effective grains are those in which the (400) and (331) planes are inclined at small angles to the surface of the specimen, so th at the measured spacing of each family of planes is roughly perpendicular to the direction of the applied tension. It was rather surprising, however, to find th at the observed contraction should be the same for all such grains, independently of the way the cube face lay in the surface of the specimen; this was shown by the fact th at the diffraction rings remained completely circular throughout, the contraction due to change in the lattice spacing being the same along each radius.
In the second class of tests, as described in § 2, the cycles employed were respectively 2 to 0, 4 to 0, 6 to 0, ... tons/sq. in. The comparison of the X-ray photographs obtained in each cycle showed oilly the lattice effect; the lattice contracted under load, and at once recovered upon removal of the load by an amount proportional to the change in elastic strain. Since in these experiments the diffraction ring is not affected by further plastic deformation in each cycle, the changes in diameter due to the lattice variations could be obtained with greater accuracy than in the preceding tests. It was found that there was marked difference in the behaviour of the (400) and (331) planes.
I t follows that (a) the process of plastic deformation is concerned pri marily only with the irreversible transition of the grains into the crystallite formation, whilst (6) elastic strain is associated with the reversible expan sion and contraction of the atomic lattice in the fragments and crystallites constituting this formation. It is therefore convenient first to consider the two processes (a) and (6) separately, and then finally (c), the between them.
(a)
The 'permanent changes The changes associated with plastic deformation may be dismissed fairly briefly since they are essentially similar under load to those described for other metals in previous papers ( l o c. cit.), where the earl adopted of making X-ray tests only after applied stresses had been removed. For the purpose of discussion of the further results it is, however, desired to draw attention to three distinct phases exhibited by the crystal lite formation. These are the following:
(i) The initial phase, extending up to the yield-point, where the original grains preserve their structure as a whole, the X-rays indicating no appreciable differences in orientation of the component parts of each. The X-ray photograph of this phase is characteristic; the grains give separated reflexion spots, which exhibit no tendency to spread along the circumference of the diffraction rings, as they would if the crystallographic orientation within each grain were not uniform. A typical photograph is reproduced in figure 4 (plate 10) ; the slight radial spread of the spots is due to the oscillation of the specimen through ± 5° about the spectro meter axis, when the grains reflect over a small angular range during the oscillation at the large diffraction angles involved.
(ii) The plastic phase, which sets in as soon as the elastic range is passed and the transition to which marks the yield-point. Here the grains form a heterogeneous mixture of fragments and crystallites with orientations considerably different from the parent grains. The X-ray photograph is again characteristic; there is a spread of reflexions along the circumference of the diffraction ring producing a ring which becomes continuous but is of irregular intensity distribution. The type is shown by figures 5-10 (plates 10-13).
(iii) The fracture phase, into which the preceding structure passes as the plastic deformation increases and the specimen begins to neck. A random distribution of crystallites then preponderates in the structure and the lower limiting size of these units is approached, a value which for copper is about 0-7 x 10-5 cm. (loc. cit.). The effect on the X-ray photograph is to produce a continuous and uniform distribution of intensity round the diffraction rings and, since the lower limiting crystallite size is too small for perfect resolution (Scherrer effect), the rings become diffuse, the (400) doublet broadening into a single halo. The resulting type of photograph is shown in figure 11 (plate 13) .
In each of these phases, therefore, there is no difference as the specimen is unloaded, despite the lattice change which causes the diffraction ring to expand as a whole. This point is of special interest in the fracture phase when the ring is very diffuse; the fact that the ring contracts or expands bodily without effect on the degree of diffusion, although the internal lattice strain is varying considerably, confirms the view th at this present line-broadening is due to the Scherrer effect and not to irregularities in spacings arising from some other form of internal strain.
(6)
The elastic changes
The elastic changes are first illustrated by typical X-ray photographs to show the order of the effect to be measured, and the quantitative results then summarized.
(i) For convenience of illustration the photograph of the diffraction ring obtained under a given load has been cut along a diameter and matched against the corresponding half of the photograph obtained after removal of the load. One side of the (400) rings is made to coincide and the dis placement at the other side gives the change in diameter. Since the external elastic strain of the specimen as a whole is small compared with the area illuminated by the X-ray beam, the same grains or particles are reflecting throughout a cycle; the rings, therefore, preserve the same appearance through each cycle. This permits accurate determination of the changes in diameter in the initial and plastic phases, where the in tensity is irregularly distributed round the rings, and also in the fracture phase where the rings are diffuse since measurements can always be made on the same selected diameter in each photograph. The photographs are reproduced in figures 6-11. They suffice to show th at the changes are of an easily measurable order under the experimental conditions employed. Figures 10 and 11 illustrate fu rth er contraction of (400) diam eter w ith stress. Figure 11 , secured ju st before fracture (c. 15 tons/sq. in.) shows also diffuse rings characteristic of fraction phase u nder static stress.
diameter bears the same proportional relation to the applied stress in each cycle, and is therefore independent of the effects of the superimposed permanent strain which is different for the various cycles. The lattice spacing of the (400) planes was calculated in the usual way for a series of assumed diameters of the diffraction ring and was found to be directly proportional to the diameter over the range of variation. The change in spacing which corresponded to a change in ring diameter of 1 mm. was then obtained from the same calculations. The measurements in table 1 may be summarized by the contraction in diameter per unit increase in stress, and this quantity, since the relation between ring diameter and spacing was known, was then expressed directly as the percentage contraction in (400) lattice spacing per unit stress (ton/sq. in.) tension along the axis of the specimen. As indicated above, this contraction is in the direction making an angle of 8-3° with the normal to the applied stress. Since this angle is small, it is reasonable to obtain the value of the contraction in the direction actually perpendicular to the applied tension by dividing the observed value by cos 8*3°. The results are summarized below together with the corresponding values obtained in the same way from measurements on the (331) planes. Also the elastic changes in external dimensions as given by the extensometer measurements are included for purpose of comparison.
(a) Lattice spacings of (400) and (331) planes X-ray structure and elastic strains in copper The contraction in (6) was obtained from (5) by application of the mea sured value of Poisson's ratio of 0-3. The lattice contractions given in (4) Vol. 176. A. 27 are thus fundamental physical constants expressing in terms of internal atomic displacements the externally measured contractions in the same direction. It will be noted th at whilst the observed external contraction of 0*0045 % must result from the value of the lattice contractions averaged out over the various grains in the cross-section of the specimen, the individual percentage contractions for differently oriented grains may vary greatly; thus the (400) contracts by 0*0070 %, whilst the (331) spacings contract only by 0*0028 %. The percentage contraction of these spacings, both of which refer to the same direction, namely, th at perpendicular to the applied stress, therefore differs by as much as 2*5 to 1 under the same change of stress. It may be indicated that, apart from the calculations of the final values, this difference was evident from direct inspection of the X-ray photographs. The sensitivity of the (400) and (331) rings to a given percentage change in spacing is not very different, namely, as 56 to 45, but the photographs showed at once th at the (400) ring was roughly three times as sensitive as the (331) to the same applied stress. This point is mentioned because some importance is attached to the extent of the differ ence in connexion with its possible bearing on the changes produced by permanent deformation. It will be noted also th at the total contraction over a particular grain is proportional to the appropriate percentage lattice contraction multiplied by the width of the grain so that, since the grains may vary appreciably in size, the actual difference in contraction of con tiguous grains of different orientation may in some instances be consider ably greater than the differences indicated by the figures for the percentage lattice contraction. The observations thus raise interesting issues con cerning the behaviour of the structure at the boundaries of such grains, a point discussed below.
(c) The combination of the two types of observations, the effects of permanent and of elastic strain, yields a more complete picture of the response of the crystalline structure of a metal to static stress. The main feature of the permanent strain is the striking dispersal of the grains into the crystallite formation, and it is reasonable to conclude th at there is a connexion between this instability of the structure of the grains and the effects of the elastic strains. Thus, up to the yield-point, in the state described as the initial phase, the original grains are observed to remain individually stable in th at they exhibit no appreciable amount of the breakdown; ' but at the yield-point an instability sets in, and differently oriented components are. extensively formed. The instability at the yield must presumably arise either because the degree of the elastic strain in the individual grains has reached a critical value, or as a consequence of the interference between the different amounts of elastic strain exhibited by neighbouring grains of different orientations in the manner indicated above. I t is suggested th at the effective factor is the second, and th at the form taken by the observed instability, namely, the dispersal of the grains into differently oriented components, is the mechanism by which potential local discontinuities in strain between such neighbouring grains are smoothed out by transition through the appropriate newly formed orientations. This view is supported by the further observation th a t the new structure is then stable over an increased range of lattice strain ; the atomic lattice of the various fragments or crystallites can therefore take up a greater variation than the change produced by the yield stress, when other conditions are favourable, without disturbing the overall stability of these components. Similarly, as deformation is continued, a further increase of stress causes more fragmentation and variations in orientation, whilst at each state a correspondingly greater range of elastic lattice strain is then permissible without producing instability in the new units thus formed. When, however, the fracture phase is approached, a fresh factor is introduced, since the X-ray observations show th at the lower limiting size of the crystallites is reached so th a t the process of accommodation to increasing stress by continued breakdown must become more difficult and a more critical condition must ensue.
I t is of interest to note the value of the lattice strain at the yield and at fracture. For the (400) planes, or the edge of the unit cubic cell, the lattice change as measured becomes 0-014 % for a specimen which yields at 2 tons/sq. in. and as much as 0-11 % for the breaking stress of 15-16 tons/sq. in. The corresponding values for the (331) planes are respectively 0-006 and 0-04 %.
X-ray structure and elastic strains in copper 5. Discussion I t is of interest to distinguish between the elastic lattice strain in vestigated in this paper and the lattice distortion studied in recent work on the more severe deformation of a metal by cold-work (Wood 1939) . The present results show th at over the whole range represented by the load-extension diagram it is possible in copper to impose on the atoms a reversible displacement from their normal positions which leaves no measurable distortion in the lattice; this is shown by the fact that in the stress cycles employed a reversible change of diameter took place without any accompanying change in diffusion of the X-ray reflexions in any of the three phases, initial, plastic or fracture. On the other hand it was shown, in the work referred to, th a t a change in diameter of the diffraction rings could also be produced which, however, persisted after the process of cold-working; in this instance, moreover, the change was accompanied by a marked abnormal diffusion of the rings, and when the ring diameter was reduced to its normal value by further treatm ent of a specimen then the additional diffusion was also removed. This lattice strain, on account of the extra diffusion, was shown to be a permanent strain associated with distortion of the lattice. The comparison between the two types of results shows that it is possible in this way to distinguish between a purely elastic lattice strain and this permanent lattice distortion. The distinction becomes necessary when attempts are made to estimate the equivalent stresses in a metal from X-ray measurements of the amount of lattice strain, a point which arises in connexion with the problem of internal strains. I t is known that as a result of certain treatm ents a metal may be left in an unstable condition, recovery from which may lead in the course of time to changes of shape or in extreme cases to fracture. The metal is said to be in a state of internal strain, and attem pts have been made to estimate the equivalent stresses from X-ray measurements of the permanent lattice changes combined with use of the elastic moduli. It is, however, clearly essential that the nature of the lattice strain should be known, since it is only in the case of the elastic strain, together with data on the lines obtained in the present experiments, th a t the method would be justifiable. The internal strain of the lattice distortion type, which is more likely to be involved in internal strains, would entail a more detailed knowledge than is at present available both of the distortion itself and of the interatomic forces in the lattice.
One of the puzzling features of the X-ray structure of a ductile poly crystalline metal after deformation has been the extent of the breakdown of the grains into the independently reflecting units of widely varying orientations. The effect is much more marked than in the early stages of deformation of a large single crystal. I t has already been suggested th a t the process is a grain-boundary effect in th at the breakdown arises from the necessity of preserving continuity of structure across the boundaries of grains oriented in such a way th at the rate of strain is different on each side of the boundary. The fragmented structure is then stable, apart from possible second order changes in the X-ray structure, for ranges of stress up to a limit depending on the extent of the fragmentation. That such second-order changes are, however, often present is probable, for it is unlikely, if an applied stress cycle were sufficiently large or if it approached the limit for a given crystallite formation, th at the adjustment of orienta tions would be perfect enough on the first cycle to compensate completely for the variation in elastic strain; the adjustments might also be expected to vary slightly during subsequent repetition of the cycles as well as with the speed of application of the cycle. The point is mentioned because it would account, at least in part, for the departure from a strictly linear stress/strain relationship which is in practice often observed during applica tion of a stress cycle, and for subsequent variations in width of the hysteresis loop thus formed, which may also be observed on repeated application of a cyclic stress. The sensitivity of the X-ray method to detect minor changes in the stability of the structure depends largely on the nature of the X-ray photograph. The conditions are most favourable when the diffraction ring consists initially of sharp spots, as used in the recent work on fatigue stressing when it was in fact found th a t slight but continued changes could always be detected when the applied stress cycle exceeded the fatigue limit for the material. The present results now suggest an explanation of the changes found in that work.
